It is generally accepted that microRNAs (miRNAs) play a crucial role in gene expression regulation and that their aberrant expression is intimately linked with pathologies, most notably cancer. There is thus significant interest in detecting and quantifying these important regulators. Herein, we report the fluorescence imaging of miRNAs within a few hours using a nucleic-acid templated Staudinger reaction. A good correlation between the level of miRNAs and the fluorescence intensity was observed across different cell lines. This method was shown to also be applicable for suspended cells with fluorescence quantification by flow cytometry.
Introduction
The detection of nucleic acids directly from intact cells holds tremendous potential with important applications in biology and clinical diagnostics. To this end, a direct fluorescence read-out is most appealing and specific nucleic acid sequences have generally been detected with molecular beacons 1 or fluorescence in situ hybridization (FISH). 2 More recently, an alternative strategy based on nucleic acid templated reactions has proven to be viable for the detection of highly expressed mRNA sequences or ribosomal RNA in human cells or bacteria. [3] [4] [5] An intrinsic advantage of technologies based on nucleic acid templated reactions is the possibility to achieve signal amplification based on the fact that the template can act catalytically (Fig. 1) . 6 Moreover, false positive signals stemming from unspecific affinities of the probes are minimized since they do not promote the fluorescence yielding reaction. Another advantage is the speed of the procedure which does not require lengthy hybridization or washing steps. MiRNAs are endogenous small non-protein-coding RNAs which are primary regulators of gene expression in many basic cellular processes including proliferation, differentiation and apoptosis. These single stranded short RNAs ($21-24 nt) negatively regulate their targets in several ways, depending on the degree of complementarity between miRNAs and their targets. As one miRNA can target several mRNAs, it is predicted that 20-30% of all human genes are partially regulated via miRNAs.
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There are roughly 1,000 miRNAs encoded in the human genome comprising around 4% of all expressed human genes. This makes miRNAs one of the largest classes of regulators. Many alterations in miRNA expression or miRNA mutations correlate with various human cancers indicating that miRNAs can function as tumour suppressors or oncogenes. 8 Recently, miRNA expression patterns have been shown to be valuable diagnostic and prognostic markers. Classification of tumour subtypes based on miRNA expression profiles has proven to be even more accurate than classification based on the expression profiles of protein coding genes. 9 The crucial role of miRNAs requires methods to efficiently image and quantify their presence and distribution. However, their size impose additional challenges as compared to mRNA or rRNA. First and foremost, miRNAs can diffuse out Fig. 1 Schematic representation of nucleic acid-templated reduction of bis-azidorhodamine for miRNA imaging. Cells incubated with PNAprobes designed to interrogate the presence of a specific miRNA sequence will become fluorescent if the appropriate template (miRNA) catalyzes the conversion of quenched bis-azidorhodamine-PNA to rhodamine by action of the phosphine-PNA.
of cells during the long incubation and washing steps of in situ hybridization protocol thus requiring additional cross-linking steps.
10 Second, the short nature of miRNAs preclude signal amplification by multiple complementary probes along a single nucleic acid sequence.
11 Currently, most probes designed to image miRNAs rely on a locked nucleic acid (LNA) to increase the affinity of the probes in order to achieve detection. 10, 12 We have shown that peptide nucleic acid (PNA) is well suited for nucleic acid imaging by templated Staudinger reaction. 4, 5, 13, 14 Herein we report the application of this approach with a new azide-quenched rhodamine for the detection of miR-21 and miR-31 in different cell populations and demonstrate its applicability in flow cytometry.
Results and discussion

General design principles
PNA is an analogue of natural nucleic acids with enhanced affinity and selectivity in hybridization to RNA and DNA as well as excellent metabolic stability by virtue of its non-natural peptoid backbone. 15 Additionally, modification of the peptoid backbone with guanidine residues (GPNA) confers cell permeability to oligomers. 16 These features had led us to explore PNA-GPNA hybrids as a platform in templated reactions and we had shown that probes as short as 6 mer provided sufficient duplex stability to promote a Staudinger reaction. 4, 13 Our previous design used a rhodamine dye quenched by a single azide which provided a greater than 30 fold enhancement of fluorescence upon Staudinger reduction. To further enhance signal to noise ratio as well as sensitivity of the system, we explored a bis-azidorhodamine as shown in Fig. 1 . This fluorophore was found to have 120 fold changes in the intensity of its emission upon reduction and hence provides a four-fold enhancement over the previous design. Furthermore, it is prepared in one pot from commercially available 5(6)-carboxy rhodamine 110 albeit in modest yield. Preliminary experiments evaluating the kinetics of the sequential azide reduction using 1 equivalent of phosphine for 1 equivalent of bis-azidorhodamine did not show an accumulation of the monoazidorhodamine suggesting that the reduction of the second azide is fast relatively to the reduction of the first one. We then turned our attention to the detection of miRNAs and selected miR-21 as a prototypical sequence based on the fact that it is one of the miRNAs which is most frequently found to be over-expressed in solid tumours. 17 Moreover it was shown to target key tumour-suppressive pathways such as components of p53, transforming growth factor b (TGF-b) and mitochondrial tumour-suppressive pathways. 18 Increased levels of miR-21 have been identified in diverse cancer types such as breast, liver, pancreatic cancer and glioblastoma. The suppression of miR-21 by the use of LNA-antimir-21 oligonucleotides in glioblastoma cells implanted into nude mice led to a sharp reduction in glioma burden when compared with undisturbed tumour proliferation. In addition, this treatment also sensitized glioma to cytotoxic drugs through enhanced apoptosis.
19 Also for breast cancer, tumours derived from cells treated with antimiR-21 oligonucleotides grew substantially slower in xenograft carcinoma mouse models. 20 Taken together, these reports demonstrate that miR-21 is not only up-regulated in tumour cells, but also strongly contributes to tumour growth and progression.
Development of probes for miRNA-21 sensing
For a reaction to be promoted by a nucleic acid template, the duplex between the template and the reagents must have a halflife which is attuned with the rate of reaction. We had previously shown that good reaction rate and turn-over could be achieved with six to eight nucleotide probes. As our new fluorophore design contains two azides and requires two equivalents of phosphine, we reasoned that its PNA conjugate would benefit from a greater stability with the template than the phosphine probe in order to achieve the double reduction. Furthermore, it has been reported that GPNA of 12 to 14 mer accumulate around the ER of human cells 21 which could be used to achieve higher signal by avoiding diffusion of the product. To this end, we investigated several lengths (14, 10, 8 and 6 mer) for the probe carrying the quenched fluorophore while maintaining a relatively short length for the probe carrying the phosphine (7 mer). Experiments evaluating the kinetics of the reactions with the bisazidorhodamine using the 14 mer probe revealed that the conversion of the bis-azidorhodamine was fast, achieving nearly 100% conversion within 10 min using 1 equivalent of template (Fig. 2) . The reaction remained fast with substoichiometric template. Despite the higher Tm of these probes, the template did turnover efficiently affording over 10-fold signal amplification and could be detected down to low nM concentration. Next we compared the sensitivity of the reaction rate to a mismatch in the template at 37 C ( Fig. 3) . At this temperature, the 14 mer probe differentiated poorly between a perfect matched template and a template carrying a single mutation. This can be rationalized by the fact that the 14 mer probe has a Tm greater than 70 C and the destabilization incurred by a single or even double mismatch is not enough to abrogate duplex formation at 37 C. Shorter probes on the other hand afforded better discrimination between the perfect matched template and the mismatched template. 
Imaging miR-21 in MCF-7, a breast cancer cell line
We next investigated the templated reaction in a breast cancer cell line (MCF-7) known to express high levels of miR-21. To avoid cell detachment and facilitate imaging, a short fixation procedure (3.7% formaldehyde for 20 min) was used. We established that a minimum of 1 h incubation was necessary and that the maximum intracellular concentration of profluorescent probes was reached within 2-3 h incubation. The samples were then treated with solutions of the perfect match or the mismatch phosphine probes to evaluate the specificity of the reaction. A high concentration of a cell permeable phosphine (tmTCEP) was used to establish the maximum fluorescence level. Each reaction was allowed to proceed for 1.5 h (Fig. 4a) . To quantify the observed fluorescence, we used the measurement module of NIS Elements Advanced Research software and calculated mean fluorescence intensity of cells on photos from three average points of dish (Fig. 4b) . The yield of each reaction was calculated by its fluorescence intensity relative to the tmTCEP treated sample. A matrix of different concentrations of bis-azidorhodamine probe (100 of 300 nM) and phosphine probes (2 to 4 equivalent) was tested. Quantification of obtained signal revealed that the reaction gave the highest contrast between the perfect match and mismatch reaction when using 100 nM of the rhodamine probe and 200 nM of the phosphine probe. Using these conditions, an average 16-fold difference between the perfect match probe and the mismatched probe was reproducibly obtained.
Imaging miR-21 in different cell lines
To assess the utility of the technology in discriminating between cell lines with high and low levels of miR-21, the optimized protocol was used to compare five different cell lines ( Fig. 5a ): MCF-7, BT474, JIMT-1 (all three breast cancer cell lines), HeLa (cervix cancer cell line) and HEK293T (immortalized human embryonic kidney cell line). It is known that MCF-7 and BT474 express high levels of miR-21, HeLa moderate levels and JIMT-1 and HEK293T only express low levels of miR-21 as confirmed by Fig. 3 Comparing reaction fidelity of different probe lengths. The rate of the reaction catalyzed by a perfect match template (PM) compared to a mismatched template (MM) using 20% template. The slope of the initial rate of reaction was used as a first order approximation of reaction rate. quantitative PCR (RT-qPCR) (Fig. 5b) . Qualitatively, the conversion yield of the reaction with the perfect match probes is significantly higher in MCF-7 and BT474 than in JIMT1 and HEK293T (see Fig. S1 -4 † for complete set of images including positive and negative controls as well as mismatched probes). To further refine this qualitative assessment, the yield of the perfect match reaction was divided by the yield of the mismatch reaction in order to subtract unspecific background reaction (see Fig. S5 † for raw quantification data of fluorescence). This ratio of conversion was then plotted against the relative level of miR-21 determined by qRT-PCR. As can be seen in Fig. 5c , there is a good correlation between the levels of specific reaction versus miR-21 concentration. In the most intense cell line (MCF-7), there is 16 fold more reaction between the perfect match reaction and the mismatched reaction whereas JIMT-1, another breast cancer cell line but with low levels of miR-21 has only marginal reaction which is indistinguishable from the background. HEK293T which expresses only very low levels of miR-21 did not afford any reaction. The good correlation between miRNA levels and relative reaction suggests that the fluorescence observed is a direct reflection of the miRNA level. Nevertheless, other differences amongst the cell lines could contribute to changes in reactivity. To evaluate the difference of fluorescence intensity in response to different miR-21 levels within the same cell line, HeLa cells, which were measured to have a moderate level of miR-21-expression by qRT-PCR, were transfected with an expression plasmid encoding for miR-21. A control group was transfected with an empty vector. Cells from both groups were 
Imaging miR-31 in cells as additional specifity control
To further establish the reliability of the templated Staudinger reaction to image different miRNAs, detection of miRNA-31 was investigated. MiRNA-31 is also known to be implicated in neoplastic development and metastasis, particularly in cervical cancer. 22 Quantification of miR-31 by rtQPCR in MCF-7 cells showed low expression level relatively to HeLa cells (over 100 fold higher expression) as opposed to miR-21 which showed the opposite trend. Probes for the miR-31 templated Staudinger reaction were prepared following the same design as for miR-21: 8 mer azidorhodamine probe and 7 mer phosphines probes (a perfectly matching and a mismatched one) that would hybridize to a template with 3 nucleotides spacing. The probes were tested with a synthetic DNA template to validate the templated reaction showing a high specificity and mismatch sensitivity in analogy to the miR-21detection (greater than 10 fold). When applied to cultured cells perfectly matching probes yielded strong fluorescent signal in HeLa cells ( Fig. 7a ; see Figure S8 † for complete set of images including positive and negative controls) while almost no conversion was observed in MCF-7 cells ( Fig. 7a ; see Figure S9 † for complete set of images including positive and negative controls). It is noteworthy that MCF-7 yielded the most intense signal when treated with miR-21 specific probes. The lack of reaction in this cell line with probes targeting miR-31 correlated with rtQPCR results (Fig. 7b) thus confirming the robustness of templated Staudinger reaction for miRNA imaging.
MiR-21 quantification for cells in solution
In situ hybridization methods which allow direct detection of miRNA in cells can only be applied for adherent cells. To the best of our knowledge, there is no method which could be used for direct imaging of miRNAs in suspended cells. We then asked whether the present method based on templated reaction could fulfil this gap. To test this hypothesis we repeated miR-21 visualisation in BT474 cell suspension. Cells were detached with The experiments were carried out according to the same procedure as described in Fig. 4 . PBS alone upon PNA-Azide treatment was used as a negative control (1) . A cell permeable phosphine (tmTCEP) was used as a positive control to define the maximum fluorescence (4) . Cells treated with the perfect match phosphine (PNA-phosphine-PM) show increased fluorescence intensity (3) compared to cells treated with the mismatched probe (PNA-phosphine-MM, 2). Shown is one representative experiment out of three biological replicates.
trypsin before addition of PNA probes and performing incubation steps in solution. As was done for the fluorescent microscopy imaging, the cells were separated in four groups and treated with the azidorhodamine probe followed by 1) buffer as a negative control (phosphine omitted) in order to establish the baseline fluorescence; 2) an excess of cell permeable phosphine (tmTCEP) to establish the maximum fluorescence; 3) the perfect match probe; 4) the mismatched probe. Each group was then analysed by flow cytometry to quantify the fluorescence intensity (Fig. 8) . Concurring the results obtained by microscopy, a significant shift in fluorescence (6-fold) is observed between the perfect match probes and mismatched probes. Importantly, the suitability of the present miRNA detection method with flow cytometry opens the possibility to use mixed population of cells with differentiating markers for multi-parametric analysis.
Conclusions
Rapid and simple technologies to assess miRNA expression dynamics are critical to broaden our understanding of the role of these regulators in normal and pathological processes. The results demonstrate that nucleic acid templated reaction can be used to visualize the level of miRNAs in cells with good correlation between fluorescence intensities and miRNA levels. The approach reported relies on bioorthogonal templated Staudinger reaction between two PNA probes which offers a simple readout by fluorescence microscopy or flow cytometry together with a relatively short protocol without the need of extensive washing nor enzymatic amplification. The suitability of the protocols to flow cytometry should enable multi-parametric analysis. The novel bis-azidorhodamine reported herein offer significant advantages in terms of sensitivity relatively to the previously reported azidorhodamine and should be broadly applicable in other contexts.
Experimental
PNA probes preparation PNA synthesis was performed in a fully automated fashion in MultiPep RS (Intavis) synthesizer. Standard Fmoc chemistry with HATU as a coupling agent was used (except loading of first residue and dmTCEP coupling where DIC/HOBt activation was used). Loading of NovaPEG (NovaBiochem) Rink amide resin was decreased to 0.2 mmol g À1 by attachment of first residue, Fmoc-Lys(Mtt)-OH or Fmoc-Arg(Pbf)-OH. Azidorhodamine was coupled after selective deprotection of Mtt from side chain of lysine with 50% HFIP in dichloroethane.
Templated reactions
DNA templates were purchased from Eurogentec as desalted 100 mM solutions in deionised water. Black 96-well plates (Nunc) (500 mL/well) were used to perform the templated reactions. Stock PNA and DNA solutions at 10 mM and 1 mM were prepared in deionised water and stored at 4 C. They were diluted to their final concentrations with buffer containing 10 mM PBS, 154 mM NaCl, 25 mM MgCl 2 , 0.05% TWEEN 20 (pH ¼ 7,4; equivalent to physiological buffer, prepared as follow: 25 ml of 0,2 M PBS pH ¼ 7.4, 15.4 ml of 5 M NaCl, 25 ml of 1 M MgCl 2 and 250 mL mg of TWEEN 20 was added to a 447 ml of deionised water, buffer was filtered through Millipore Express PLUS and stored at 4 C). First wells were filled with 240 mL of the PNA-dmTCEP solution containing appropriate DNA. After 240 mL of N 3 -Rh-PNA solutions was added using multichannel pipette and the plate was placed in a fluorometer (SpectraMax GeminiXS, Molecular Devices) pre-heated to 37 C and the fluorescence readout was recorded immediately. All experiments were performed in duplicates and each individual experiment included a positive control (phosphine-PNA solution was replace with TCEP solution in buffer, final concentration 20 mM), two negative control (no DNA template and random DNA template), and a background florescence measurement (reaction without PNA-dmTCEP). The fluorescence level corresponding to 100% conversion was measured by treating all reactions with large excess of TCEP (final concentration 20 mM). The fluorescence measurements of the templated reactions were performed using 495 nm (excitation) and 525 nm (emission) at 37 C. The curves shown represent the average of the duplicate measurements.
Cell culture
Cells were cultured in DMEM supplemented with 10% FBS and 1% PenStrep at 37 C in humidified atmosphere containing 5% CO 2 . Special media additives: BT-474 (10% NCTC 135 Medium, Invitrogen; 1% non-essential amino acids; 1% L-Glutamine); JIMT-1 (1% L-Glutamine, 0.001% Bovine Insulin); HeLa (1% LGlutamine).
Effectene transfection
HeLa cells were seeded 24 h before on 35 mm glass bottom dishes (300 000 cells/dish). Then, they were transfected with the miR21 expression plasmid pcDNA-miR-21-long (kindly provided by Dr Sven Diederichs) or with empty vector (pcDNA3.1, Invitrogen) for control (both 0.5 mg/dish), using Effectene reagent (Invitrogen) and following manufacturer protocol. After 24 h medium was removed and fresh portion of medium supplemented with additional 10% FBS was added. Medium refreshment was repeated after 24 h and cells were submitted to standard miRNA imaging protocol 60 h after transfection.
MiRNA imaging in adherent cells
Cells were seeded on 35 mm glass bottom dishes 12 h before the experiment. Then they were washed with PBS and fixed with 3.7% formaldehyde (20 0 ). After washing with PBS (3 Â 5 0 ) they were treated with 100 nM PNA-azidorhodamine probe in PBS for 3 h at 37 C. Then incubation solution was removed, cells were washed with PBS and treated with 200 nM PNA-phosphine (or 1 mM tmTCEP -positive control; PBS alone -negative control) for 1.5 h at 37 C. Optionally cells were then incubated with 1 mM DAPI for 10 min. After final washing with PBS cells were imaged with 60Â oil immersion objective using a Nikon Eclipse Ti inverted fluorescent microscope (for Rho110 FITC filter set: excitation 460-500 nm, emission 510-560 nm, 200 ms exposure time; for DAPI: excitation 325-375 nm, emission 435-485 nm, 50 ms exposure time).
Image analysis
Images were acquired and analysed using NIS Elements Advance Research Software. All images were processed in an identical way. Mean fluorescence intensity of background was subtracted from all images and green channel intensity was doubled. Object selection was done manually or by thresholding and verified using brightfield images. Intensity values presented on plots represent average of quantification of three representative images acquired from different regions of a sample.
MiRNA purification and qRT-PCR (TaqMan)
Total RNA and miRNA were isolated using the miRNeasy Mini kit (Qiagen) according to the manufacturer's instructions. Reverse transcription of miRNAs was performed using the TaqMan MicroRNA Reverse Transcription kit and the miR-21 and miR-31 TaqMan miRNA assays (Applied Biosystems). For each RT reaction, 4 ng of total RNA were used and mixed with the corresponding TaqMan miRNA assay RT primer. Two additional reactions for RNU44 and RNU48 were performed for each cell line, as housekeeping controls. The RT reactions were performed at the following conditions: 16 C for 30 min, 42 C for 30 min and 85 C for 5 min. The cDNA products were then 1 : 5 diluted and 2ml of the cDNA were used as template for TaqMan reaction along with the corresponding TaqMan 20Â assay of each TaqMan miRNA Assay. The TaqMan reaction conditions were: 15 min at 95 C, followed by 45 cycles of 15 s at 95 C and 60 s at 60 C. MiR-21 and miR-31 values were normalized by RNU44 and RNU48 levels.
Quantification of miRNA by flow cytometry
Cells were seeded in 6-well plates 24 h before the experiment. Cells were trypsinized, washed with PBS and fixed with 3.7% formaldehyde for 20 min at room temperature. After washing with PBS (3 Â 5 min), cells were treated with 100 nM PNAazidorhodamine probe in PBS for 3 h at 37 C with mild agitation. Incubation solution was removed and cells were washed with PBS. Treatment with 200 nM PNA-phosphine (or 1 mM tmTCEP -positive control; PBS alone -negative control) followed for 1.5 h at 37 C with mild agitation. After final washing with PBS, cells were resuspended in 300 ml of PBS and fluorescence intensity was measured by flow cytometry.
